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We have measured the temperature dependence of the effective quasiparticle recom- 
bination time in superconducting tin tunnel junctions by current and laser pulse 
excitation. The experimental times show satisfactory agreement with calculations based 
on the ray acoustic lifetime model of Eisenmenger t al. taking into account he film 
thickness dependence of the phonon reabsorption, 2A-phonon volume loss processes and 
phonon transmission from the junction into the substrate and liquid helium. On the basis 
of the BCS density of thermally excited quasiparticles and simplified rate equations for 
quasiparticle r combination, and from the analysis of measurements of decaying excess 
quasiparticle concentrations we obtain a mean value N o =(2.73_+0.03) 1022 eV- 1 cm- 3 
for the electronic density of states at the Fermi Surface in thin, evaporated tin films. This 
value differs less than 5 % from that obtained from the experimental e ectronic heat- 
capacity coefficient of the bulk material. 
I. Introduction 
The minimum energy difference between the ground 
state of a superconductor at a temperature b low the 
transition temperature T~and the lowest quasiparticle 
states corresponds with the BCS energy gap A(T). 
Thermally excited quasiparticles with energies E>A 
decay to the ground state within a characteristic time 
~R via the formation of Cooper-pairs and the emis- 
sion of phonons of the energy hco>2A. Whereas ~R, 
the intrinsic recombination time, is not directly ac- 
cessible by experiment, an effective time constant rexp 
can be determined from the decay of an excess 
quasiparticle concentration generated by an external 
dynamic reation mechanism, such as pair breaking 
by the absorption of phonons [1, 2] or photons [3-63 
or by tunneling between superconductors [7-15]. As 
has been shown in several experimental [1-5, 10, 12- 
15] and theoretical [-10, 16, 171 investigations, rex p 
significantly exceeds rR by the trapping of recom- 
bination phonons via repeated reabsorption and 
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emission of 2A-phonons within the superconducting 
device. The effectiveness of phonon trapping essen- 
tially depends on the sample thickness and the acous- 
tic surface boundary conditions for phonon escape to 
the adjoining media, i.e. substrate material and liquid 
helium or vacuum, respectively [-2, 15, 17]. 
Up to now two different experimental techniques 
have been applied for the determination f re~p, the 
indirect steady-state [-3, 5, 7-10, 13-153 and the direct 
decay time [1, 2, 4, 6, 10-12] measurement. The 
steady-state method usually measuring rex p in a sand- 
wich-structure of two tunnel junctions requires the 
knowledge of the density N o of electronic states at the 
Fermi level as resulting from heat-capacity measure- 
ments of the clean bulk material, see e.g. [8]; alter- 
natively, also the band-structure quantity has been 
used [10, 14]. The samples for the r-experiments, in 
contrast, consist of vacuum-deposited films of mi- 
crocrystalline structure, usually with high disorder. 
Consequently, the question arises for the value of N o 
in disordered metal films. 
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We report here on direct measurements of the effec- 
tive quasiparticle recombination time z,x p in super- 
conducting tin and a new experimental technique to 
determine N O in thin superconductor layers. Using 
electron tunneling between superconductors for gen- 
erating and probing an excess quasiparticle density 
under pulsed conditions, this method has also the 
advantage of being able to check directly the de- 
pendence of Zex p on "over-injection". Moreover, we 
have investigated to what degree z~x v differs from 
quasiparticle xcitation by current pulse (excitation 
energy E~-A) and laserpulse (E~>A) for the same 
sample. The measured temperature dependence of 
ze~ p is compared with that calculated from a geomet- 
rical-acoustic 2A-phonon trapping lifetime model 
[17]. Possible disturbing influences on the exponen- 
tial shape of Zexp(T ) at low temperatures are studied. 
II. Theory 
The method to be described is based on the fundam- 
ental relationship 
6N = N -- Nth =Io "Cexp, (1) 
between the excess quasiparticle density ~$N, the sta- 
tionary injection or generation rate I o and Zex p. Ac- 
cording to Rothwarf and Taylor [16] Vex p can be 
expressed by 
r iNth \2 2N, h ]1/2 Nt h 
"Cexp= ITS-0 ) -}-~O-0 "cexp'0j I0' (2) 
where %xp, O is the experimental recombination life- 
time related to 6N/Nth~ 1 and Nth the equilibrium 
concentration of thermally excited quasipartictes. The 
expression 
%xp = rexp, o/(1 + ~$N/2Nth ) (3) 
for the dependence of'Cex v on the overinjection ~$N/Nth 
is obtained from (1) and (2). With the BCS density of 
states Nth is approximated in the temperature range 
T<0.5 T~ by 
Nth=No[2~A(T)kBT] I /Zexp[ -A(T ) /kBT] ,  (4) 
where N o designates the density of electronic states 
of two spins per unit energy at the Fermi level. 
Writing x(0) for the relative change 6N(O)/Nh of 
quasiparticle concentration during injection we ob- 
tain from (1), (2) and (4) the resulting formula for N o 
210 Z~p, 0 exp [A(T)/k B T] 
N° = [x2(0) + 2x(0)] [27r A(T) k B T] 112" (5) 
Thus, we need the absolute values of the measurable 
quantities T, A, I0, Vexp, o and x(0) for an evaluation of 
N o from (5). These values can be obtained from a 
single symmetric superconducting tunneling junction 
SllOxidelSa, i.e. A(T) and T from the current (i) 
- voltage (U) - characteristic and x(0), Zexp, 0 from the 
time decay of an excess quasiparticle density. 
For the following it is important hat the thermal 
tunneling current ith for junction voltages 
kBT/e<U<2A/e  is directly proportional to Nth 
[18], whereas at the gap-voltage 2A/e additional, 
nonthermally excited quasiparticles (E>=A) are in- 
jected into the tunneling volume VTu by breaking up 
Cooper-pairs. Accordingly we have 
~$N/Nt h= (7 i/itl a (6) 
in the bias regime below 2A/e and 
I o = 2 ieff/e Vru , (7) 
for a sufficiently high current pulse of strength ip 
driving the voltage of the junction, biased at 
UB<2A/e, to 2A/e. Preconditions for the exactness of 
(6) are that 6i and ith are measured at the same bias 
and that the excess quasiparticles under stationary 
injection rate have the same energy distribution as 
the thermally excited quasiparticles Nth. Zexp, 0 is di- 
rectly observed from the time decay of 6i(t) suf- 
ficiently long after switch-off of the injection pulse. 
For obtaining the effective xcitation current ieff the 
thermal single-particle current ith (at U=2A/e),  the 
extra current due to the higher density of quasipar- 
ticles cSi(0), the leakage current iL (at U=2A/e)  and 
the so-called two-particle current i2e [19] (at U 
= 2A/e) -  (or excess tunneling current at U > A/e due 
to contributions of the AC-Josephson-effect)-have 
to be subtracted from ie+_iB, where the positive 
(negative) sign is valid if pulse current ip and DC- 
current iB(UB) have the same (opposite) direction. The 
total injection rate including i2e as an excitation 
current is, however, 
/0,1oral =2ieff/e VTu -~ ia?/e VTu 
= 2 { ip +_ iB(UB) -- iL(2 A/e) 
--ith(2A/e ) Ix(0) + 1] --iz?(2A/e)/2}/e VT, . (8) 
A simultaneous measurement for ip and ~5i(0), i.e. 
<$i(O)/ith is not possible. However, under certain con- 
ditions the nonlinear rate equations for disturbed 
quasiparticle and phonon systems [163 can be sim- 
plified and integrated and thus furnish a nonexponen- 
tial decay function 6N(t)/Nth=x(t ) after injection, so 
that, knowing the value of cSN/Nth for some time t, we 
can reextrapolate o t=0 and obtain the value x(0) 
during the injection. Writing 2 for dx/dt we derive 
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from the rate equations the exact expression 
( r R rph r . / )  ZTy'C R 
rph and z~ are the lifetimes of a gap-frequency phonon 
in the superconducting tunneling junction due to 
reabsorption and processes other than pair excitation 
respectively, i.e. phonon transmission across the junc- 
tion surface boundaries and inelastic volume phonon 
interactions [20]. 
We substitute 2=p and 2=pdp/dx  and insert %xp, O 
='c~ ZR(~ph 1 +r~ -1) [16] in Equation (9) and obtain 
dp x+l  %xp, O 1 x(x+2) 
+ + -~ =0. (10) 
dx r R r~ r R 2z~ z R p 
Neglecting the first and second term this equation 
can be integrated whence follows: 
x (t) = 2 { [ 1 + 2/x (0)] exp (t/rexp, 0) - 1 } -1 (11) 
or 
x(O)-  x(t = O) 
= 2 {[1 + 2/x(t)] exp( -  t/r~,p, 0 ) -  1}- 1, (12) 
which is the value of 6N/Nth required in (5). A mean 
least-squares fit with Equation (11) on the experimen- 
tal decay curves supplies values for x(0) and %xp, o- 
Comparing the terms of (9) by using the above ap- 
proximate solution we find that within its validity 
range the relation 
"L'.~, rph ~ Texp, 0, r R (13) 
is true for x(0)_<_l, z.~ can be adjusted by a proper 
choice of the junction thickness d and is generally in 
the order of the phonons' time of flight through the 
junction due to their efficient radiation into liquid 
helium [2], i.e. typically 10-~°s for d-values of the 
order of 103A.. The condition rph~Z R, %xp, O can be 
met by measuring at a sufficiently low temperature, 
since we obtain from detailed balance consideration 
of the thermal equilibrium [16, 17] 
rph _ N~, th 
4~R Nth 
2A2(2c~ +c~) [Z1/2 + z3/Z + zS/Z/2~ 
-- N0(27c5) 1/2 c 3 ct 3 h 3 \ exp(1/Z) ] '  (14) 
with Z = k B T/A; No~,t h = total density of thermally ex- 
cited 2A-phonons and % c,=longitudinal and trans- 
verse sound velocity. At Z=0.16 (T=I .1  K) we have 
ZR/Zph= 155 for tin. 
Furthermore, 
rexp, 0 = ZR( 1 + Z'f/'Cph) ~ rR" (15) 
An upper limit of 2-10-1°s  for rvh follows from 
measurements of thickness dependence of roxp, o [17]. 
Finally, an assumption implicit in the rate equations 
is that the quasiparticle diffusion length L D is much 
greater than the junction film thicknesses. From 
measurements of residual film resistances we have 
determined the electron mean free path due to elastic 
scattering in the order of the film thicknesses and 
then we calculated LD--- 15 g. Consequently, injected 
quasiparticles are homogeneously distributed by dif- 
fusive motion within the junction volume VT, before 
recombination takes place. We express this by a 
single value ~N throughout VT,. 
III. Experimental Realization and Data 
The electronic measuring system for generating ex- 
cess quasiparticles by current- and/or laser pulse 
excitation and recording the corresponding signal 
decays is shown in Figure 1 [12]. The injection cur- 
rent is supplied from a fast pulse generator 
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Fig. 1. Schematic diagram of the electrical circuitry for generating 
excess quasiparticle concentrations i  a single superconducting 
tunnel junction SlloxidelS 1by current and laser pulses and record- 
ing the signals as a function of time. The junction, acting simul- 
taneously as generator and detector isoperated at a constant De- 
bias current. The blocking capacitors (2× 220 gF, tantalum) of low 
self-inductance are built in the signal circuit with negligible in- 
duction. To avoid any error, the current-voltage characteristics 
were recorded with open parallel current circuit (inner conductor 
of the coaxial cable) 
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(vr, I ~- 4 ns) connected via a hot carrier diode (Hewlett 
Packard, Type 5082-2810, r=100ps) to a 50fLsolid- 
jacketed coaxial cable (0.3 mm outer diameter), di- 
rectly leading to the sample and then out of the 
cryostat. This coaxial transmission line is reflection- 
free terminated with a 50 ~-resistor at room tempera- 
ture. The current terminals of the junction are con- 
nected in series with both the ends of the interrupted 
outer conductor of this cable (see also Fig. 3). The 
influence of the asymptotic junction tunneling re- 
sistance R~ (typically in the mf~-range) on the shape 
of the primary current pulse can be neglected. The 
hot carrier diode reduces the time constant of the 
current pulse and, moreover, suppresses any existing 
residual ripple. Thus, the switch-off time of the in- 
jection pulse is sufficiently well defined. This is im- 
portant for an exact determination of x(0). As to our 
junctions this switch-off decay time was about 10 ns. 
In addition, a small superimposed DC-current serves 
to bias the junction below 2A/e after the switch-off of 
the current pulse (point 1 in Fig. 2). Since the junction 
is now operated at a constant/)C-current, instead of 
the decaying excess thermal tunneling current 6i(t), a 
time dependent voltage 6U(t) is measured according 
to 
(~U(t)=-6i(t) (RdIIRL). (16) 
Ra, typically in the l~-range for the used junctions, 
is the dynamic resistance at the biasing point UB and 
R L the load resistance of the voltage measuring cir- 
cuit. 
The technique for generating sufficiently fast 
(~, I < 100 ns) light pulses is fundamentally simple and 
shown in the lower part of Figure 1. The light of a 
15mW-He-Ne laser is focused in the plane of a slit 
aperture after the reflection at a mirror. By rotating 
the mirror the reflected laser beam is mechanically 
chopped at the fixed aperture. The outgoing laser 
pulses with typical time constants of the leading and 
trailing edge and half-widths in the order of 50 ns are 
focused through the walls of a glass cryostat on the 
front of the junction. To avoid lattice heating effects 
in the quasiparticle photoexcitation experiments we 
used, according to [3], junctions prepared on sap- 
phire substrates which were directly immersed into 
liquid helium II. Furthermore, although the quasipar- 
ticles are produced within the front junction layer in 
an optical penetration depth of a few hundred 
angstr6ms, the excess quasiparticle concentration will 
be approximately uniform throughout the tunneling 
volume because of the large quasiparticle diffusion 
length and the indirect action of the recombination 
phonons. 
A symmetrical, twisted pair transmission line (see 
also Fig. 3) connects directly the voltage terminals of 
the junctions with the input of a fast differential pulse 
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Fig. 2. Schematic drawing of the formation of the time dependent 
signals due to quasiparticle excitations by current (a,b) and laser 
pulses (c) taking account of the constant DC-current operation. 
Point 1 ~bias voltage without injection, point 2 ~biasing point 
shifted to the gap voltage due to the superimposed pulse current, 
point 3 ~biasing point shifted to lower voltages due to the excess 
quasiparticle concentration after the switch-off time of the in- 
jection pulse 
amplifier. The characteristic line impedance 
Z-~100f~ has been carefully matched to the input 
resistance Ra = R L = 2 x 50 f2 of the amplifier and in- 
ductive geometries on the voltage side could be 
largely avoided. The amplified voltage signal is sam- 
pled and filtered in a PAR boxcar integrator (band 
width 50MHz, gate width minimum 10ns) and then 
displayed by X-Y-recording as a function of time. 
The time dependent shapes of the voltage signals to 
be expected with quasiparticle injection by current 
and laser pulses are schematically illustrated in Fig- 
ure 2. The detailed shapes can be explained by the 
highly nonlinear i-U-characteristics in consideration 
of the constant DC-current operation and the quasi- 
particle density dependence of %xp [compare (3)] ; e.g. 
the kink in  the trailing edge of the voltage pulse 
corresponds to the current step at U=A/e in the 
tunneling characteristic. Generally speaking, a con- 
vex (concave) curvature of the characteristics a near 
to the bias level U=0 (U=A/e and 2A/e) results in 
an increase (a decrease) of the real %xp- 
Provided, however; that the dynamic resistance R d is 
constant and independent of temperature in the 
operating region of the junction characteristic, the 
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voltage signal 6U(t) will be proportional to 6i(t) and 
thus to 5N(t). We, therefore, measured the voltage 
dependence of R e for various temperatures and found 
out that R e changed approximately to 1 ~ in the 
voltage range 0.675mV <U~<__0.825mV and within 
temperature intervals of 0.1 K for the used tin-junc- 
tions. Consequently, we have chosen this linear 
operating region with a bias voltage of U B 
--0.8 mV-~0.7 A. In order to avoid switching from the 
biasing point U B to the zero voltage state due to the 
D C-Josephson effect, the junctions were operated in a 
parallel magnetic field of 10 to 25 Oe. In the linear 
regime %~p is directly obtained from the time decay of 
the voltage signal and is only a function of the 
momentary overinjection 6N(t)/Nth. The pulse receiv- 
ing system has been calibrated in terms of 5i by 
means of small, simulated signal currents of known 
amplitude. 
To determine the effective quasiparticle recombi- 
nation times without any corrections over a wide 
range, the electronic time constant Z~y~t of the receiv- 
ing system must be small compared with r~xp,0. By 
analyzing our circuit we obtained for instance Zsy~t 
=30ns at the biasing point UB=0.8mV with 
R e ~-2 ~. As simulation experiments showed, this time 
constant is due to the time constant (25ns) of the 
electronic measuring system and to the effective R C 
time of the junction 
"CTu = CTuReRL/ (R  L 4- Re). (17) 
CT, , the capacitance of the tunnel junction, amounts 
to appr. 25nF/mm 2 tunneling area. By using the 
parallel plate model for the junction capacitance and 
assuming 15 A for the barrier thickness, we obtained 
for the dielectric onstant of the Sn-oxide a value of 4 
in good agreement with other tunneling experiments 
carried out, however, at Pb-samples [21, 22]. For any 
necessary consideration of "gsyst the measured signal 
time constants Z'rneas, 0 were corrected according the 
formula 
2 2 2 
"Cexp, 0 ~ Z'meas, 0 - -  "Csyst" (18) 
Figure 3 shows the sample configuration used in our 
experiments. The tunnel junction is formed between 
two superconducting films elsewhere insulated by an 
approximately 0.3 g thick SiO layer. Thus, the con- 
ductor loops in the region of the tunneling area can 
be made small; the nominal area is about 0.5 
x0.6mm 2. The inductive crosstalk from the high 
injection current pulse to the voltage terminals is, as 
an estimate showed, essentially determined by the 
ratio of the SiO-thickness to the width of the junction 
and amounts to less than 10-3. At the narrow ends of 
the sample, the films form a pair of tines, respectively. 
Twisted Pair 
SiO- InsulatJon (ca 5103)~) Transmission z 
3 Line 
In- Pressure Ter minats 
Solid-Jacketed N~I  
Coaxial Cable 
Z:50Q 
Fig. 3. Tunnel junction configuration for generating and detecting 
excess quasiparticles with low inductive crosstalk from the current 
pulse to the voltage terminals. The junction is vacuum-deposited 
on a sapphire or silicon substrate (not shown) 
with an unshielded width of 0.1 mm. To minimize 
conductor loops at the leads, contact o the sample is 
made by pressing the current and voltage cable over 
the corresponding tines. Decay curves, experimental- 
ly obtained with this wide-band junction configu- 
ration, are free of disturbing, crosstalk-induced oscil- 
lations. 
The samples were prepared in the conventional man- 
ner by using evaporation techniques. The films were 
vacuum deposited on a sapphire or silicon substrate 
under a residual gas pressure of 10 -6Torr  and at a 
rate of 2~/s to 200~/s. Deposition in an oxygen 
background of about 10 5 Torr improves the junc- 
tion quality, defined by the ratio i2~+/i2A - of the 
maximal and minimal single particle current at U 
=2Ale. This current ratio is approximately equal to 
the resistance ratio Rd/Ro~; R d below U<2A/e is 
mainly determined by the leakage current. High 
RjRoo-values are important for the signal to noise 
ratio being proportional to Re/Roo in this measuring 
method with high ohmic termination RL~>R d. The 
junction thicknesses d were typically 4000~ to 
5000 ~. The tunneling barrier was formed by oxidiz- 
ing the bottom film in an oxygen glow discharge for 
5 rain at a pressure of 0.08 Torr. We found out, that 
the junction quality doesn't depend on the sequence 
of the processes SiO-evaporation and Sn-oxidation. 
To prevent any condensation of SiO in the tunneling 
area, besides other precautions the distance between 
the corresponding evaporation mask and the bottom 
film was chosen as small as possible (<0.1 ram). The 
obtained low-ohmic samples (R~ in the 1 mf2-range) 
with high quality (i2~+/i;a >200) indicated that the 
junction window wasn't coated with any disturbing 
SiO layer. 
IV. Experimental Results and Conclusions 
Figure4 shows several time-dependent signal shapes, 
measured at low temperatures with the described 
technique in a slightly oxygen-doped (evaporation 
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0 
Fig. 4. Time-dependent voltage signal shapes in the linear egime 
of the /-U-characteristics at various temperatures. The curves are 
shifted vertically each other. The baselines correspondto U B (biasing 
point 1 in Fig. 2) 
pressure 8-10-6Torr 02) tin junction under quasi- 
particle excitation by current pulses. The junction was 
biased in the linear range of the tunneling character- 
istics at UB=O.8mV>A/e. Current pulses and bias 
current were opposite in polarity. In Figure 4 we have 
displayed with high sensitivity only that part of the 
total voltage signal decays (2A/e+ U~), ranging fi'om 
approximately A/e to the baseline (UB=0.8 mV). The 
distinct kink in the various signal shapes is due to 
the relatively high excess DC-current i2p= 0.25 mA at 
A/e in this sample (compare Fig. 2). To determine the 
switch-off time t = 0 of the injection pulse, the signals 
were recorded with zero shift. The logarithmic dia- 
grams of the displayed voltage amplitudes vs. time 
(not shown) result in straight lines at high tempera- 
tures (> 1.10 K), while at low temperatures and high 
amplitudes (short times) the diagrams deviate from 
straight lines to shapes with greater slopes according 
to the effective overinjection. The slopes at suf- 
ficiently long times correspond to ze~p, o and agree 
with the time constants resulting from the fits of 
Equation (11) on the experimental decay curves. The 
differential time constants r~xp, determined from the 
logarithmic diagrams at any overinjection are in 
agreement with Equation (3). Moreover, the signals 
shown in Figure 4 are independent of the pulse 
polarity; the signals obtained with negative or posi- 
tive polarities and same effective injection rates differ 
less than 1 ~. Hence it follows an undisturbed sym- 
metry of the used electronic measuring system. 
The time constants "Cexp, 0, measured from various 
runs with the same sample under current and laser- 
pulse excitations are plotted as a function of tempera- 
ture in Figure 5 with the following results: 
1) The exponential exp(A(T)/k BT) temperature de- 
pendence required by theory is verified by the r~xp,0 
values within 0.95 K <__ T_< 1.50 K; at these tempera- 
tures the relation A(T)~--A(T=O)=-Ao is valid for tin 
with a measured maximal difference of 2 ~o. The 
influence of "Csystem=30ns ha  been taken into ac- 
count, compare Equation (18). Consequently, these 
time constants can be attributed to the effective 
quasiparticle r combination lifetimes in the tin tunnel 
junction. 
2) The times measured below T=I .07K are cor- 
rected according to Equation (3) for the concen- 
tration dependence of z, since additional quasipar- 
ticles are injected stationarily at the biasing point U B 
=0.8mV>A/e by the excess, "two-particle" current 
izp. This injection reduces %~p,o to a saturation value 
at decreasing temperatures. The overinjection 
6N(i2p)/Nth was determined from (1) and (2) and with 
the rate Io=i2p/eVr,. With regard to this overin- 
jection the lifetimes comply with the correct 
exp(Ao/kBT)-dependence at low temperatures too. 
Measurements on other tin samples with smaller i2p 
showed a correspondingly reduced overinjection. At 
bias voltages U B < A/e these lifetime corrections were 
not necessary. Thus, i2p has to be considered as an 
injection current with the rate i2p/e Vr,. 
3) %~p, 0is independent ofquasiparticle excitations by 
current and laser pulses, respectively, within the ac- 
curacy in measurement of __< 10 ~. 
4) Any magnetic flux trapped in the superconducting 
films, probably in form of quantized flux lines (vor- 
tices), effects an evident %~p,o saturation at low tem- 
peratures (symbol (e) in Fig. 5). Responsible for this 
effect is a reduced reemission and reabsorption of 2A- 
phonons in the "vortices-doped" films with a strong- 
ly varying energy gap. Furthermore, the i -  U charac- 
teristics in the thermal tunneling range were shifted 
to higher currents with increasing voltage, e.g. by 8 
of the total current at UB=0.8mV and T=IK .  In 
Figure5, the flux trapping was caused by the 
geomagnetic field acting perpendicularly on the tun- 
neling area with a strength of only 0.2 G (measured 
with a Hall Sonde) when cooling down below T~. In 
order to exclude largely these disturbing effects, the 
tunneling barrier was oriented parallel to the 
geomagnetic field. 
5) Over the temperature ange of our measurements, 
the effective quasiparticle recombination lifetime in 
the 4200 A thick superconducting tin tunnel junction 
on a sapphire substrate immersed in He II is 
T-1/2 
%~p, 0= ~0 [K-  1/2] exp(A o/kB T), (19) 
with %-~0.6ns. This value is compared with theory 
based on a ray-acoustic 2A-phonon trapping lifetime 
model [17] showing a linear thickness dependence of
rc.p,o for the relations d>A w and A~>>A w between 
the mean free paths of 2A-phonons due to reabsorp- 
tion (Aw) and bulk loss processes (A~); Aw<700A in 
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Fig. 5. Experimental quasiparticle recombination lifetimes %xp,0 versus lIT for a superconducting tin-tunnel junction immersed in 
superfluid He. Overinjection by the "two-particle current" at the biasing point U B = 0.8 mV > Ale has been taken into account 
Sn [17]: 
dN, h i l  
where T,,t= ~I~,t;v/s+ ~,~;v/ne the total average phonon 
transmission at the boundaries film (F)/substrate (S) 
and film/helium with 
~/2 
~,,= S Tt,~(O)sin2OdO, (21) 
o 
the average value of the angle and polarization de- 
pendent phonon transmission coefficient Tt,t(0 ). As 
the transverse phonon contribution to the trans- 
mission across the junction boundaries is dominant 
(appr. 85 ~), it follows from (20) 
Xth • - 
%xp, o = d ~,th/c(Tvls + TFIHe ). (22) 
With the experimental data for N o and A o listed in 
Table 1 as well as the transverse sound velocity c 
= 1.67.105 [cm/s] [17] and the relation ct~-2c t we 
obtain from (14) iia good approximation: 
T-U2 
Nth = 1.56 - -exp(A  o/k~ T) (23) 
N<o,t h [K -1/2] 
by taking into account only the Z 1/2 term. Applying 
Equation (22) to the specified ata and using Tsn/gl2o3 
=0.07 (from acoustic mismatch model) [17] and 
7"sn/u~=0.32 (from rexp-measurements i  vacuum and 
He) [2] or Ts, me=0.5 (from Kapitza resistance) 
(Ref. 8 in [5]) results in 
~o = 1.0 ns or 0.7 ns, respectively. (24) 
In order to check this result we also measured the 
lifetimes in oxygen-free Sn-junctions (evaporated on 
sapphire in a vacuum of a residual pressure of 
10-6Torr), the other parameters, as for instance the 
contact to liquid He, being unchanged. Within the 
measurement accuracy there was no deviation com- 
pared to those in Figure 5. Therefore, the difference 
between the experimental (19) and calculated result 
(24) may not be ascribed to volume losses of 2A- 
phonons in the oxygen-doped tin samples or an 
enhanced 2A-phonon escape by diffuse phonon scat- 
tering at the junction boundaries. This is consistent 
with the data in Table 1 obtained for O2-free and O 2- 
doped tin films. In view of the uncertainty involved in 
determining Tsnme the agreement between experiment 
and calculation seems to be good. 
Experimental lifetime values in tin samples, evap- 
orated, however, on silicon substrates turned out to 
be lower by approximately 10~o. This reduction is 
within the measuring error, however can be fully 
accounted for the changed phonon transmission at 
the boundary tin/substrate. 
Finally we have calculated a mean value N O for the 
density of electronic states at the Fermi level (pre- 
sented in Table I with its p lus-minus standard e- 
viation) from Equation (5) and with data of the 
analyzed measurements on three superconducting 
tunnel junctions at then different temperatures in
each case. The maximum scatter of the single N O 
values relating to the mean value amounts to 10 ~o. 
From Equation (5) we estimated a maximal uncer- 
tainty for N O of 30~ to 40% corresponding to the 
main sources of er ror :  "Cexp, 0('4- 5 ~/o), VTu(~ 5 °~o), x(O) 
(-4-10 ~) and A(+_2 ~); the last-quoted results in an 
error of 12% in exp(A/kBT ) at A=6kRT. The pre- 
sented value for N o from our direct quasiparticle 
lifetime experiments on thin, superconducting tin 
films of polycrystalline structure is to be compared 
384 P.W. Epperlein et al.: Quasiparticle Recombination Time 
Table 1. Some characteristic parameters of tin films evaporated in a vacuum at a 
residual pressure of 10-6Torr and/or a pressure of 8-10-6Torr oxygen. P~.2 
= resistivity measured at T = 4.2 K, R = film resistance 
A 0 T c 2Aol 6T c d 04.2 14.2 ~ R4.21 N0 t~ 
(~eVl [K] kBTc [K] (~] '.10-7~cml [~,] [~] R30° [ 1022eV-lcm-3] 
585 3.76 3.61 0.08 2000 6.2 1700 2000 0.053 2.73*- 0.03 
at 1K 
For comparison: bu[k value N0t$= 2.77.1022 eV-~cm 3 
from specific-heat measurements 
with the value determined from conventional 
measurements [23, 24] of the electronic specific heat 
on ordinary bulk tin. The electronic heat capacity 
coefficient is proportional to the band-structure den- 
sity of states Ng S times the enhancement factor (1 + 2) 
due to the e lectron-phonon coupling 2 [25]. 
As Table 1 shows, there is an excellent agreement 
between the film and bulk values N o within the given 
limits of error. This result is compatible with other 
film properties we have also measured and included 
in Table 1. Thus, T~ (film) is only enhanced to 1 
compared to T c (bulk); for comparison we evaluated 
from the BCS equation for T~ an enhancement of T~ 
of 43 ~ by varying exclusively No to 10 ~. Moreover, 
the coherence length ~ at T= 1 K is of the order of 
the film thickness d and the mean free path 14. 2 (at 
4.2 K) of electrons due to elastic scattering at defects, 
internal and external film boundaries; I~. 2 gives ap- 
proximately_ a lower limiting value for the average 
grain size D in our tin films. 
After testing the reliability of the described method 
on superconducting tin tunnel junctions we have also 
applied it to aluminium and lead samples with dif- 
ferent aspects in each case [12]. By experiments on 
A1 we wanted to answer the question, whether the 
measured T c enhancement of oxygen-perturbed, gran- 
ular A1 films may be caused by a change in N o . 
Furthermore, we checked whether the effective 
quasiparticle recombination lifetimes are changed 
with increasing perturbations of the film structure. 
Measurements on high-quality lead junctions under 
vacuum conditions were made in order to draw con- 
clusions from the effect of inelastic 2A-phonon bulk 
loss processes on the value of "L'exp, O. A detailed 
description of these experiments will be published 
separately. 
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